Objective: To evaluate the in¯uence of three dietary protein types (casein, gelatin, soy protein) on satiety and food intake, at two levels of loading (total energy of test meals: 3.6 or 1.8 MJ). Design: The study employed a repeated measures design. Test meals were controlled for energy, macronutrients, ®ber and palatability, and contained about 23% energy as protein (of which about 65% was experimentally manipulated). Postprandial subjective satiety and hunger, plasma glucose, insulin and glucagon were assessed for 8 h, and energy and macronutrient intakes were monitored for 24 h. Subjects: Nine healthy normal-weight men. Results: No effect of the type of protein on 24 h energy and macronutrient intakes was observed despite a signi®cant effect of protein source on the kinetics of peripheral metabolic responses (but only after 3.6 MJ lunches), and inconsistent effects on subjective hunger and satiety responses A casein-enriched lunch delayed glucose and insulin responses for 1.5 h, compared with soy protein, probably due to a lag in gastric emptying. Conclusion: Varying the protein source in a mixed meal modi®es glucose, insulin and glucagon kinetics in healthy men, but these variations in satiety-implicated factors have inconsistent effects on subjective satiety and fail to affect food intake.
Introduction
Proteins have the capacity to affect food intake and appetite in several species (Jen et al, 1985) , including humans (Booth et al, 1970) , in a dose-dependent relationship (Anderson et al, 1994) . They are considered more satiating than carbohydrates, being themselves more satiating than fats (Booth et al, 1970; Jen et al, 1985; Barkeling et al, 1990; Geliebter, 1979) , despite some controversial data (de Graaf et al, 1992) . Many physiological consequences of ingested proteins may participate in their satiating effect. Among them is the capacity of absorbed circulating amino acids to stimulate the release of the satiety-implicated hormones insulin and glucagon (Fajans et al, 1967; Rocha et al, 1972) . Moreover, luminal protein and amino acids arising from digestion are known to affect the release of satiety-involved cholecystokinin (Liddle et al, 1986) . The level and pattern of circulating amino acids resulting from the absorption and fate of oral protein (Anderson et al, 1988) and the oxidation response to macronutrient ingestion (Stubbs, 1995) also in¯uence appetite and food intake.
Little is known about the satiating power of proteins originating from different sources. In humans, there is some indication that proteins may be different in their satiating capacities (Uhe et al, 1992; Turnbull et al, 1993) . We recently demonstrated that varying the protein source at lunch had no effect on satiety and food intake, nor on plasma glucose and insulin as parameters re¯ecting intermediary metabolism (Lang et al, 1998) . However, in this previous study, we tested high protein doses (70 g; total energy content 5.2 MJ), so that the volunteers' behavioral and metabolic responses may have been saturated. In order to test this hypothesis, we re-examined the satiating power of three of the six previously tested protein sources, served in smaller amounts (50 g protein, 3.6 MJ energy, or 25 g protein, 1.8 MJ energy), using the previous methodology (Lang et al, 1998) . Satiety-related sensations were rated across the whole afternoon and ad libitum food intake was assessed over the subsequent 24 h. Plasma glucose, insulin and glucagon concentrations were measured across the 7.5 h postprandial period.
Methods
General features of subjects and methods used in the present study have been extensively described before (Lang et al, 1998) and are brie¯y reported below.
Subjects
Nine male volunteers were selected according to two main criteria: they gave moderate ratings of the pleasantness and acceptability of the experimental foodstuffs, and they were considered healthy on the basis of a medical examination (Table 1) . The volunteers had normal fasting blood parameters and normal blood pressure, presented no allergy to food, no digestive, endocrine or metabolic disease, and no eating disorder. Their energy and macronutrient intakes were in the normal range as assessed by a pre-test diary record (Table 1) . They all gave written informed consent to participate in the study, which was approved by the Medical Ethics Committee (Ho Ãtel-Dieu Hospital, Paris, France). Subjects who had participated to the previous study (Lang et al, 1998) were excluded.
Design
The study followed a cross-over design and investigated the satiating effects of three common protein sources, each served at two energy levels. The six conditions were presented in random order, in whole-day test sessions scheduled on the same day of the week for a given subject, with at least one week between two consecutive sessions.
Procedures
The subjects presented at the laboratory after an 11 h fast (no food allowed since 21:00 the preceding night) on six occasions. They arrived at 8:00 and left at 22:00 on the same day. They spent the test days alone in a quiet room and were allowed to read, rest and walk around, but had no verbal nor visual contact with other volunteers. Two of the nine subjects were smokers (`10 cigarettes per day). Since smoking might exert an effect on the expression of appetite, smoking was allowed but strictly controlled so that the two smokers had the same number of cigarettes on the six experimental days, and at the same times of day.
Three scheduled meals were consumed by the subjects during the experimental day: a standardized breakfast at 8:30 (55 g white bread, 10 g sugar, 12 g butter, 30 g strawberry jam, 340 ml orange juice, 1 tea bag, 1 coffee bag, and 600 ml hot mineral water; this represents 96 g CHO, 13 g fat, 6 g protein, and 2.2 MJ); a ®xed-quantity lunch covertly manipulated for protein source and total energy content at 12:00 (Table 2) ; and a free-choice buffet-style dinner at 20:00 (150 g white bread, 40 g butter, 1500 ml cold mineral water, 270 g dressed ®sh salad, 150 g sardines, 200 g ham, 200 g frankfurt sausages, 350 g cooked white rice, 350 g garden peas, 300 g red beans, 200 g cheese, 125 g sweetened yoghurt, 100 g apple sauce, 125 g vanilla cream dessert, and 300 g ketchup). For each meal, subjects were instructed to eat for as long as they wanted. Subjects were asked to eat all the foods served at breakfast and lunch. At dinner, the amount offered was in excess of anticipated intake, and subjects were invited to eat and drink as much as they liked.
During the test day, subjects' subjective feelings of hunger and satiety were regularly recorded on 100 mm vertical visual analog scales (VAS) from 8:00 to 22:00. Pleasantness of the foods eaten was rated after each meal. Macronutrient and energy intakes were assessed at dinner on test days (by weighing foods before and after the meal). Subjects were instructed to record all foods eaten and beverages drunk in a food diary over the 24 h period Acceptability and pleasantness were rated on 100-mm vertical visualanalog scales. Lunch composed of 24 g crispbreads, 46 g string beans, 8 g butter, 250 ml cold mineral water, 266 g proteinmanipulated onion soup and 79 g protein-manipulated chocolate dessert.
c CA-high, GE-high, SO-high, CA-low, GE-low, SO-low respectively represent casein, gelatin and soy protein enriched lunches of ca 3.6 MJ (high) and ca 1.8 MJ (low).
d`A mount' is the sum of carbohydrate, protein, fat, ®ber, ashes and moisture (including drinking water). e Carbohydrate, fat protein and ®ber contents have been chemically analyzed. Manipulated protein content has been calculated from the known protein content of ingredients employed (as indicated by the manufacturers). Carbohydrate consists of 65.7 AE 1.8% starch and 34.3AE 1.8% sugars across the three types of protein-enriched meals. Starch used for manufacturing protein enriched soups and desserts is a highly digestible modi®ed waxy maize starch and contain 99% amylopectin.
Proteins and satiety in humans V Lang et al following a test lunch (except dinner) and the 24 h period preceding a test day. Calculations of the 24 h post-lunch period intakes include values directly measured at dinner. Blood was regularly collected during the lunch to dinner period in order to determine plasma glucose, insulin and glucagon concentrations. Collection procedures and assays of metabolites and hormones have been described previously (Lang et al, 1998) , except for glucagon, for which blood samples were classically treated with Trasylol 1 and plasma concentrations were measured by a radioimmunologic method (Pharmacia-Serono, Saint-Quentin en Yvelines, France).
Foods
The experimental lunch content is described in Table 2 . Test lunches consisted of plain supermarket foods (crispbreads, string beans, butter biscuits, mineral water) and foods (onion soup and chocolate dessert) in which the protein content (source) was experimentally manipulated. Protein-manipulated soups and desserts were developed and manufactured for the experiment, as previously described (Lang et al, 1998) . Test lunches were of two energy levels. In the smaller version (1.8 MJ), half-helpings were served (except for water). At both energy levels, a large part of the protein provided by the meal (62.1±68.0% of total meal protein) varied, thus generating variations in the amino acid composition of meals.
Statistical analyses
Repeated-measures analysis of variance (ANOVA) with time, type of protein and lunch energy content as withinsubjects factors, was used to test VAS ratings and plasma glucose, insulin and glucagon concentrations. Scheffe's signi®cant difference test was used for post-hoc comparisons. A two-factor ANOVA was also used to compare plasma parameter areas under the curve (AUCs), latency for hunger and satiety ratings to recover arbitrary values (Table 3) , and to compare energy and macronutrient intakes and pleasantness ratings. AUCs were calculated according to the trapezoidal method and were reported for the 7.5 h postprandial period (exclusively using positive areas). Oneway ANOVA was used to investigate whether the order of conditions had any effect on values obtained just before lunch (basal) Analyses were performed using Super-ANOVA Software (Abacus Concepts, version 1.11, Berkeley, California, USA) and StatView (Abacus Concepts, version 1.03, Berkeley, California, USA). All data are expressed as mean AE SEM. Signi®cance was assumed at P`0.05.
Results

Ratings
Patterns of response for hunger and satiety over time were symmetrical (Figures 1 and 2 ). There were no signi®cant differences due to the order of sessions or type of protein or total lunch energy content in the ratings obtained immediately before lunch. The effect of time was signi®cant when considering the 13:00±20:00 period and also over the whole experimental day (P`0.001). The total energy content in the lunch signi®cantly affected subjective satiety ratings from 13:00 to 20:00 (P`0.001), but there was no effect of the type of protein (not signi®cant (NS)). The effect of energy level failed to reach signi®cance for hunger ratings (NS). Signi®cant effects of lunch energy content and type of protein on subjective hunger were observed at particular times. The latency for hunger and satiety to recover arbitrary values (respectively 60 and 40 mm), corresponding to the return of hunger in the afternoon, was signi®cantly increased following higher energy meals, but was unaffected by the protein source, except among 3.6 MJ lunches gelatin (GE)high>casein (CA) high, P`0.05, (Table 3) Means of whole lunch pleasantness ratings ranged from 26.8 AE 6.0 to 44.9 AE 7.3 across the six conditions. No order effect nor lunch energy content effect could be detected on the whole lunch pleasantness measure. No signi®cant effect of the type of protein incorporated in the meal was observed on pleasantness ratings for the whole lunch or when each food item was considered individually, except for desserts (P`0.005), with gelatin enriched dessert being rated lower than casein-and soy-protein-enriched desserts.
Macronutrients and energy intakes
Subjects had the same level of protein in their diets prior to each test day (data not shown). Their pre-test day macronutrient intakes were unaffected either by the order of sessions or by the type of protein presented at lunch (data not shown). Macronutrient and energy intakes at dinner on test days and over the 24 h period following experimental lunches were not affected by the protein source nor by the total energy content of the test lunch (NS). Energy and protein intakes were signi®cantly lower in the 24 h period preceding the experimental days than over the 24 h postlunch period (energy: 10.3 AE 0.3 MJ vs 11.4 AE 0.3 MJ, Proteins and satiety in humans V Lang et al P`0.05; protein: 87.6 AE 2.7 g vs 107.8 AE 2.3 g, P`0.001). This augmented protein intake over the 24 h following the experimental lunch was unaffected by the type of protein ingested at lunch, but was higher following 1.8 MJ lunches than following 3.6 MJ lunches (respectively 25.3 AE 3.9 g vs 15.1 AE 5.4 g, P`0.05). Comparing the same 24h periods, fat and carbohydrate intakes did not vary (NS).
Glucose, insulin and glucagon responses
No order effect, nor effect of type of protein and lunch energy content on basal (12:00) plasma glucose, insulin and glucagon concentrations could be detected (NS). Plasma glucose (Figure 3 ), insulin ( Figure 4 ) and glucagon concentrations signi®cantly¯uctuated across the postprandial period following all meals (P`0.001). TimeÂlunch energy content interaction (P`0.02 for glucose and glucagon; P`0.001 for insulin) and timeÂprotein source interaction (P`0.005 for glucose; P`0.001 for insulin and glucagon)-were observed for plasma parameters, revealing signi®cant variations in the kinetics of metabolic responses according to the total energy and protein contents of the test lunch.
Manipulating the total energy content in the lunch had a signi®cant effect on plasma insulin time-course from 13:00 to 20:00 (P`0.001), while the effect on plasma glucose and glucagon changes failed to reach signi®cance (NS). Raising the total energy content at lunch signi®cantly increased insulin (P`0.001) and glucose (P`0.05) AUCs, but failed to affect glucagon AUCs (NS). Manipulating the protein source in the lunch signi®cantly affected plasma insulin from 13:00 to 20:00 (P`0.002), and insulin AUC (P`0.005), while no protein source effect was found for plasma glucose, glucose AUCs, plasma glucagon and glucagon AUCs (NS). Insulin AUCs signi®cantly varied according to the protein source at lunch (following 3.6 MJ lunches: GE-high`Soy protein(SO)-high, P`0.05; following 1.8 MJ lunches: GE-low`CA-low, P`0.05). Signi®-cant effects of lunch energy content and type of protein on plasma parameters were observed at particular times.
Discussion
The present study extends a previous study which compared the satiating power of several proteins (Lang et al, Figure 1 Temporal pro®le of hunger ratings (l00 mm visual-analog scales) over experimental days. CA-high, GE-high, SO-high, CA-low, GE-low, SO-low respectively represent casein, gelatin and soy protein enriched lunches of 3.6 MJ (high) and 1.8 MJ (low). Signi®cant effects of protein source on hunger ratings were observed at particular times. Pairs of identical letters indicate signi®cant differences. MeansAE S.E.M; n 9. Proteins and satiety in humans V Lang et al 1998), and broadens it to a larger scale of physiological situations. Across these two studies, test meals varied from 1.6 to 5.2 MJ and contained from 25 to 70 g protein. The present work demonstrates that varying the protein source in a mixed meal has little or no impact on satiety and food intake responses in healthy male subjects, thus con®rming our previous results (Lang et al, 1998) . At both energy levels, the three types of protein-enriched lunches had the same effect on macronutrients and energy intakes. In the present study, subjects partly compensated for a relative de®cit of dietary protein ingested at lunch, and the subsequent increase in protein intake was signi®cantly higher following 25 g protein lunches (+25 g) than 50 g protein lunches (+15 g). The previous study, using the same type of population, showed that a high protein (70 g) lunch signi®cantly decreased subsequent protein intake ( 7 10 g); Lang et al, 1998) . Satiety and hunger ratings were unaffected by the protein source over the ®rst and last part of the postprandial period (Figures 1 and 2) . However, some effects were observed over the 15:30±18:30 period. The return of hunger may be, in some cases, in¯uenced by the type of protein ingested (Table 3 ). This suggests that variable satiating effects of protein sources could be potentially observed 3±7 h after the load. Further investigations of the satiating power of proteins should focus on this period.
These and previous (Lang et al, 1998) results suggest a weak impact of protein source on the satiety response. In these studies, only post-ingestional effects of proteins were examined since protein source manipulation was covertly achieved. By contrast, the satiating effects of various proteins ingested as complex foodstuffs (egg, ®sh, beef, chicken, mycoprotein, lentils, beans), combining oro-pharyngeal and post-ingestional effects, seem to be different (Uhe et al, 1982; Turnbull et al, 1993; Holt et al, 1996) . In rats, variations in the pattern of amino acids during intragastric infusion do not affect food intake ( Anderson et al, 1994) . A recent investigation of the satiating effect of several dietary fats (saturated vs unsaturated) also showed signi®cant differences (Lawton et al, 1997) .
Our ®ndings belong in the perspective of satiety-implicated physiological processes. Rate of gastric emptying and gastric distension, delay in nutrient±receptor contact in the small intestine, levels of circulating nutrients, insulin, glucagon and cholecystokinin, and oxidation of macronutrients are known to be related to satiety (Stubbs, 1995; Read et al, 1994; Koopmans et al, 1991; Holt & Miller, 1995; Geary, 1990; Peikin, 1989) . Varying the quality of dietary protein may affect some of the intermediate physiological processes: digestion, gastric emptying and the composition of intestinal ef¯uents (Mahe Â et al, 1996; Baglieri et al, 1995) , rate of amino acid absorption and digestion (Re Ârat, 1993; Collin-Vidal et al, 1994) , plasma and brain amino acid concentrations and pattern (Anderson et al, 1994; Uhe et al,1992) , and insulin and glucagon releases (Nutall & Gannon, 1990) .
The present study has demonstrated that, under certain circumstances (when 3.6 MJ lunches containing 50 g protein were ingested), glucose and insulin responses were signi®cantly affected by the quality of dietary protein.
Smaller loads (1.8 MJ lunches containing 25 g protein) induced lower metabolic responses without differences among protein sources. Protein source manipulation in larger loads (5.2 MJ lunches containing 70 g protein; (Lang et al, 1998) failed to produce different responses. Following 50 g protein loads, soy protein led to earlier and larger insulin-secretion than gelatin. Gelatin was most potent in stimulating glucagon secretion, perhaps because of its less potent effect on insulinosecretion and because of the reciprocal control of glucagon and insulin secretions at the pancreatic level (Cryer, 1996) .
The most interesting ®nding of the present study is that protein source had a signi®cant effect on the kinetics of metabolic response. Glucose and insulin responses following casein enriched meal (CA-high) lagged 1±1.5 h behind responses following soy-protein-enriched meal (SO-high), although a gelatin-enriched meal (GE-high) induced intermediary double-peak responses. These differences in the postprandial metabolic response may be explained by modi®cations in the rate of gastric emptying and by the effect of amino acids on the pancreatic endocrine response. The measurement of gastric emptying could not be performed in this study, but it is well known that casein precipitates in the stomach and, when loaded in suf®cient amount, signi®cantly reduces the rate of gastric emptying (Mahe Â et al, 1996; Hara et al, 1992 ). The present study shows for the ®rst time that, in humans, postprandial Figure 4 Plasma insulin concentrations and insulin AUCs in response to the six protein-and energy-manipulated meals. Pairs of identical letters indicate signi®cant differences. Raising the total energy content at lunch signi®cantly increased insulin AUCs (P`0.001). TimeÂprotein source interactions were observed (P`0.001), revealing signifcant variations in the kinetics of insulin response according to the protein source. Means AE s.e.m.; n 9.
Proteins and satiety in humans V Lang et al metabolic kinetics may be delayed by casein ingested in a mixed meal, even when incorporated at a moderate level (13% total energy). The concept of`slow' (casein) and fast' dietary proteins has recently been proposed in experiments using pure protein loads (Boirie et al, 1997) . Another important point in the present work is that even a moderate substitution of casein by other protein sources in a mixed meal has a signi®cant effect on the kinetics of postprandial metabolic responses (insulin, glucagon and glucose).
Amino acids differ in the extent to which they stimulate insulin and glucagon secretions (Fajans et al, 1967; Rocha et al, 1972) , and these pancreatic secretions are potentially modulated by the circulating cholecystokinin (Liddle et al, 1986; Schmid et al, 1990 ) and other gastrointestinal hormones (Fieseler et al, 1995) . Several investigators have examined the insulin and glucagon responses to various protein loads in healthy subjects. Although some failed to demonstrate a protein source effect (Uhe et al, 1992; Lang et al, 1998) , casein was shown to produce greater 2 h post-lunch insulin and insulinaglucagon responses than soy protein (test meals: protein, 40 g; carbohydrate, 120 g; fat, 18 g), (Hubbard et al, 1989) . Mycoprotein, when taken with an oral-glucose-tolerance test decreases postprandial insulinemia and glycemia as compared with a skimmed milk soy protein control (test meals: protein, 17 g; carbohydrate, 75 g; fat, 11 g); (Turnbull & Ward, 1995) . This was attributed to a relatively lower insulinogenic amino acid content and a potential ®ber confounding effect. Given as pure cooked food, egg protein has no insulinogenic effect compared with protein from cottage cheese (test meals: protein, 50 g; carbohydrate, 0 g; fat, 0 g); (Nutall & Cannon, 1990) . Finally, variations in the protein source ingested by Type II diabetic subjects (types of test meal: glucose (G), G beef, G turkey, G gelatin, G egg white, G cottage cheese, G ®sh, G soy protein; contents: energy, 0.4±0.7 MJ; protein, 25 g; carbohydrate, 0±4 g; fat, 0±8 g) resulted in modi®ca-tions in the kinetics of postprandial plasma insulin, glucagon and alpha amino nitrogen responses, with little variation in AUC values among proteins (Gannon et al, 1988) . The time-course of metabolic events demonstrated by Gannon et al (1988) is close to that observed in the present study, soy protein leading to earlier responses than casein, with gelatin presenting intermediary results. Such a delaying effect of casein on plasma glucose and insuline responses may serve practical ends in the dietetic management of diabetes. However, this needs con®rmation in diabetic patients, in particular when various proteins are integrated into a mixed meal.
Conclusions
In summary, the present study con®rms and extends previous results (Lang et al, 1998) , suggesting that varying the protein source in a mixed meal modi®es glucose, insulin and glucagon kinetics in healthy subjects, but that these variations in satiety-implicated factors have weak and inconsistent effects on subjective satiety and fail to affect food intake. A metabolic effect (modi®ed kinetics) may be mainly mediated by a casein-stimulated delay in gastric emptying, which affects absorption and post-absorptive¯uxes.
